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Background: The Mu Ner protein is a small (74 amino
acids), basic, DNA-binding protein found in phage Mu.
It belongs to a class of proteins, the cro and repressor pro-
teins, that regulate the switch from the lysogenic to the
lytic state of the phage life cycle. There is no significant
sequence identity between Mu Ner and the cro proteins
of other phages, despite their functional similarity. In
addition, there is no significant sequence identity with
any other DNA-binding proteins, with the exception of
Ner from the related phage D108 and the Nlp protein of
Escherichia coli. As the tertiary structures of Mu Ner and
these two related proteins are unknown, it is clear that a
three-dimensional (3D) structure of Mu Ner is essential in
order to gain insight into its mode of DNA binding.

Results: The 3D solution structure of Mu Ner has been
solved by 3D and 4D heteronuclear magnetic resonance
spectroscopy. The structure consists of five at helices, two
of which comprise a helix-turn-helix (HTH) motif.
Analysis of line broadening and disappearance of cross-
peaks in a 1H- 15N correlation spectrum of the Mu
Ner-DNA complex suggests that residues in these two
helices are most likely to be in contact with the DNA.
Conclusions: Like the functionally analogous cro pro-
teins from phages and 434, the Mu Ner protein pos-
sesses a HTH DNA recognition motif The Ner protein
from phage D108 and the Nlp protein from E. coli are
likely to have very similar tertiary structures due to high
amino-acid-sequence identity with Mu Ner.
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Introduction
The Mu Ner protein regulates the switch between the
lysogenic and lytic life cycles of phage Mu [1]. When
bound to DNA, Mu Ner down-regulates its own tran-
scription and prevents transcription of the cI repressor
which is responsible for maintaining the lysogenic state.
Mu Ner represents an interesting system for structural
studies for a variety of reasons. Despite the functional
similarity there is no significant sequence identity
between Mu Ner and the cro proteins of other phages,
such as phage X and 434. As the cro proteins employ the
helix-turn-helix (HTH) motif for DNA recognition, it is
of interest to explore whether functional similarity
invariably coincides with structural similarity with
respect to the DNA-binding motif. Moreover, only two
proteins have been identified so far that have significant
amino-acid-sequence identity with Mu Ner, namely the
Ner protein of phage D108, which also regulates the
lysogenic/lytic switch (and has 53% amino-acid identity
with Mu Ner) [2,3] and the Nlp protein of Escherichia
coli, which is involved in maltose metabolism [4] (and has
65% amino-acid identity).

Interestingly, despite the high level of amino-acid-
sequence identity, the two Ner proteins from phages Mu
and D108 do not bind to each other's DNA recognition
sites. D108 Ner binds to a GC-rich, 47 base-pair (bp)
DNA fragment [5], whereas the Mu Ner binding site is
an AT-rich 50 bp fragment [6,7]. This suggests that dif-
ferent amino acids are used for DNA recognition in these
two proteins. We recently demonstrated that the primary

binding site for Mu Ner is a 30 bp DNA fragment, to
which two Mu Ner dimers bind [8]. This is substantially
longer than the sites identified for the cro proteins of
phages X and 434, which interact with 17 bp and 14 bp
stretches, respectively, as dimers [9,10].

Even though the secondary structure of Mu Ner was
previously delineated by 2D NMR techniques [11], no
3D structure was determined at the time, mainly due to
difficulties arising from severe resonance degeneracy in
the 2D NMR spectra. With the advent of 3D- and 4D-
heteronuclear NMR techniques [12-14] and uniformly
'5 N- and 15N/ 13 C-labeled protein, it finally became
feasible to determine the 3D structure of Mu Ner.

Results and discussion
Resonance assignments
The published resonance assignments of the H and 5N
chemical shifts of Mu Ner [11] did not include those of
residues 1-5 and the side chains of residues 11, 18-22,
25, 28, 30, 37, 38, 41, 49, 56, 58-59, 61-63, 69 and 74.
Using 3D experiments and uniformly 15N- or 15N/13C-
labeled protein [12-14] we were able to obtain complete
1H, 13C and 15N resonance assignments, with the excep-
tion of the NH and 15 N resonances of Ser26.

Determination of the 3D structure of Mu Ner
The 3D structure of Mu Ner was solved by 3D and 4D
heteronuclear NMR spectroscopy [12-14]. The majority
of NOEs between 15 N-attached and 13 C-attached
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protons, and between 13 C-attached protons, were ob-
tained from 4D 15N/1 3C-separated and 13 C/1 3 C-sepa-
rated NOE spectra, respectively. It is worthwhile noting
that even the 3D spectra exhibited extensive spectral over-
lap, demonstrating that helical proteins generally display
poor chemical-shift dispersion. An example of the quality
of the data is shown in Figure 1 which shows two H-13C
planes from the 4D 13 C/13 C-separated NOE spectrum.

The final 30 simulated-annealing structures were calcu-
lated on the basis of 1546 experimental NMR restraints.
These comprised 944 approximate interproton distance,
40 hydrogen bonding distance (for 20 backbone hydro-
gen bonds), 89 torsion angle (56 , 27 X1 and 6 X2), 46
JHNa coupling constant, 140 carbon chemical shift, and

287 proton chemical shift restraint. Stereospecific assign-
ments were obtained for 19 out of 51 -methylene
groups, the methyl groups of the two valines, and the
methyl groups of two of the seven leucines. A summary
of the structural statistics is provided in Table 1, and a
stereoview of a best-fit superposition of the backbone
atoms and ordered side chains for the ensemble of 30
final simulated annealing structures is shown in Figure 2.
The N (residues 1-7) and C (residues 67-74) termini are
disordered in solution. The rest of the protein (residues
8-66) is well defined, with a precision of 0.36±0.06 A
for the backbone (N, Cao, C, 0) atoms, 0.95+0.07 A for
all atoms, and 0.39+0.07 A for all atoms that do not
exhibit conformational disorder. The precision is defined
as the average root mean square (rms) difference between
the individual simulated-annealing structures and the
mean coordinate positions (which were obtained by
averaging the coordinates of the individual structures
best-fitted to residues 8-66). Analysis of the final struc-
tures (residues 8-66) indicates that 79% of the residues
lie within the most favoured region of the Rama-
chandran q4,Ji plot and 21% in the additional allowed
regions [15].

Structure of Mu Ner
The structure of Mu Ner consists of five o helices: H1
(Argll-Lys2O), H2 (Leu25-Gln31), H3 (Pro36-Asn41),
H4 (Pro48-Ala57) and H5 (Pro62-Ile65), with short
loops connecting them. Helices H2 and H3 form a HTH
motif, characterized by two helices approximately orthog-
onal to each other [16,17] (Fig. 3a). The HTH motif
alone is not a stable domain, and therefore has to be stabi-
lized by other structural elements which can consist of
ot helices or 13 sheets. In the case of Mu Ner this
supporting scaffold is provided by helices H1, H4 and H5.

Mu Ner has a large number of hydrophobic residues (23
out of 74 amino acids): ten alanines, two valines, seven
leucines and four isoleucines. Most of these contribute to
the hydrophobic core which consists of Vall4, Ile15,
Leul8, Leu23, Leu25, Leu28, Leu43, Ile53, Ile54, Ala55,
Ala57, Leu58, Pro62 and Ile65. The overall shape of the
protein is quite compact and globular. A relatively large
number of positively charged residues (six lysines and six
arginines) result in a high positive electrostatic potential,
principally around helix H2 and a loop between helices
H2 and H1 (Fig. 3b). It is likely that these are the areas
that interact with DNA (see below).

Comparison with other HTH proteins
Most prokaryotic transcriptional regulators contain a
HTH DNA-binding domain. In general, these proteins
interact with DNA as dimers and bind in the major
groove. Among them are the cro and repressor proteins
of phages X, 434, and P22, which are phage proteins
involved in the lysogenic/lytic switch. Repressors main-
tain the lysogenic state, during which the phage DNA
remains integrated in the bacterial chromosome, and the
cro proteins activate the switch to, and maintain, the lytic
cycle, during which the phage DNA is replicated and
progeny phage particles are produced. 3D structures of
several repressor and cro proteins have been determined

Fig. 1. Two 13C(F1)-
1H(F2) planes from

the 120 ms mixing time 4D 13C/13C-sep-
arated NOE spectrum of Mu Ner. The
destination protons are (left panel) the
C l1H3 methyl group of Val14 and (right
panel) the C3H 3 methyl group of Ala55.
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Table 1. Structural statistics*.

<SA> (SA)r

Rms deviations from experimental distance restraints (A)t
All (984)
Interresidue sequential (i - jl = 1) (251)
Interresidue short range (1< i - jl < 5) (202)
Interresidue long range (li - jl > 5) (157)
Intraresidue (334)
H-bond (40)*

Rms deviations from experimental dihedral angle restraints (o) (8 9)t
Rms deviations from 3

JHN,, coupling constants (Hz) (46)t
Rms deviations from secondary 13C chemical shifts (ppm)

13Ca (72)
13Ci (68)

Rms deviations from 1H chemical shifts (ppm)§
Overall (287)
CaH (74)
methyl (39)
other (174)

Rms deviations from idealized covalent geometry
Bonds (A) (970)
Angles () (1 760)
Impropers () (514)#

ELJ (kcal mol-l)**

*<SA> are the final 30 simulated-annealing structures. A is the mean structure obtained by averaging the coordinates of the
individual SA structures best-fitted to each other (for residues 8-66), and (A)r is the restrained regularized mean structure obtained
from SA. The number of terms for the various restraints are given in parentheses. tNone of the structures exhibit distance violations
> 0.4 A, dihedral-angle violations > 5 or 3 HN, coupling constant violations > 2 Hz. There are no systematic interproton-distance
violations between 0.1 A and 0.4 A among the 30 structures. For each backbone hydrogen bond there are two distance restraints:
rNHO=1. 7-2.5 A and rNO=2 .3 -3 .5 A. §All exchangeable protons (i.e. backbone and side-chain amides) are excluded. #The
improper torsion restraints serve to maintain planarity and chirality. **ELJ is the Lennard-Jones van der Waals energy calculated with
the CHARMM empirical energy function [69]. It is not included in the target function for simulated annealing.

[15,16]. We shall limit our discussion to those structures 1-92) [27] and its complex with operator DNA [28,29]
that contain five ao helices. have been determined by X-ray crystallography. Finally,

the NMR solution structure of the N-terminal domain
The structures of 434 cro [18] and its complex with of the P22 c2 repressor (residues 1-76) has recently been
DNA [19,20] have been determined by X-ray crystallog- determined [30].
raphy. A structure of the N-terminal domain of the 434
repressor (residues 1-69) has been determined by X-ray Amino-acid-sequence comparisons indicate that the cro
crystallography [21] and NMR spectroscopy [22], and and repressor proteins from phages X, 434 and P22 share
the structure of the 434 repressor-DNA complex was a common ancestor [31]. For example, the percentage
solved by X-ray crystallography [23-26]. Structures of amino-acid-sequence identity between 434 cro and the
the DNA-binding domain of the X repressor (residues P22 repressor and between the 434 repressor and the X

Fig. 2. The best-fit superposition of the
backbone and ordered side chains of
the 30 final simulated annealing struc-
tures of Mu Ner (residues 8-66). The
atoms that do not exhibit conforma-
tional disorder are: all N, Ca, C, O and
CI atoms of residues 8-66; the com-
plete side chains of residues Trp9,
Vall4, Leul8, Leu23, Leu25, Phe32,
Pro36, Thr37, Thr38, Leu43, Trp47,
Pro48, lle53, lle54, Leu58, Thr6O,
Pro62, Val64, lle65 and Trp66; the side
chains of Asp8, Asp13, Ile15, Leu28,
Leu39, Lys49, Glu51 and Gln52 up to
Cy; and the side chains of Lys19, Arg21,
Gln31 and Lys61 up to C8. The back-
bone is shown red and side chains in
green. (The figure was generated with
the program AVS-XPLOR [65].)
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Fig. 3. Overall structure of Mu Ner. (a)
Backbone fold of Mu Ner, with the HTH
motif shown in yellow. (b) The surface
of Mu Ner color coded by electrostatic
potential. Red indicates negative poten-
tials that are less than -7 kT, and blue
indicates positive potentials that are
greater than 7 kT. The electrostatic
potential was calculated and the images
generated using the program GRASP
[66]. The labeled residues in (b) indicate
residues that give rise to a contiguous
patch of positive electrostatic potential.

repressor is 30% and 24%, respectively. In addition,
sequence identities for these proteins are highest in the
regions containing the HTH motif. In contrast, compar-
ison of the Mu Ner sequence with the sequences of 434
cro and the N termini of the , 434 and P22 repressors
yields sequence identities of only 11-16% (8 to 12 amino
acids). Although, on the basis of the X repressor structure,
it was possible to predict the presence of the HTH motif
in the repressor and cro proteins of phages 434 and P22,
sequence comparison of Mu Ner with any of these pro-
teins did not yield any convincing alignment and there-
fore structure prediction [6]. This supports the notion
that sequence identities of 10-15% are not sufficient to
delineate clear homologies, unless large families of
sequences are available.

Figure 4 shows backbone ribbon drawings of 434 cro, the
N-terminal domains of the X, 434 and P22 repressors,

and Mu Ner, all in the same orientation. This figure
demonstrates, in a striking manner, that despite the very
low amino-acid-sequence identity between Mu Ner and
the other four proteins, the tertiary folds are almost iden-
tical. This is confirmed by a best-fit superpositions of Mu
Ner with these four proteins, which yield atomic rms
differences of 2.1-2.3 A for 44 to 48 Cot atoms. A
sequence alignment carried out using these structural
homologies is provided in Figure 5. Most of the structural
similarities are clustered within the helical regions of
these proteins. The 'recognition' helix, H3 of Mu Ner,
(which provides most of the base-specific contacts) is
three amino acids shorter than the corresponding helices
of 434 cro and the 434 repressor, two amino acids shorter
than H3 of the X repressor and one amino acid shorter
than H3 in the P22 repressor. This difference in length,
however, does not affect the position of the N terminus
of H3 and therefore the preceding turn. In particular, the

Fig. 4. Ribbon drawings of 434 cro, the
434 repressor (residues 1-69), the P22
repressor (residues 6-65), the X repres-
sor (residues 1-92) and Mu Ner
(residues 8-66), all in the same orienta-
tion. The HTH motif is shown in yellow.
(The figure was generated using with the
program RIBBONS [67].)
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Fig. 5. Sequence alignment, on the basis of structural homology, of Mu Ner, 434 cro, 434 repressor (residues 1-69), X repressor (1-92)
and P22 repressor (1-76). Regions that are structurally homologous to Mu Ner are shown in green, and the helical regions are identi-
fied by horizontal boxes. Amino acids shown in red and blue in the 434 cro, 434 repressor and X repressor sequences participate in
specific DNA recognition. Vertical boxes enclose residues which are conserved in the HTH motifs. The structural superpositions with
Mu Ner (performed with the program O [68]) were as follows: 434 cro, atomic rms of 2.3 A for 44 Ca atoms; 434 repressor, atomic rms
of 2.3 A for 48 Ca atoms; X repressor, atomic rms of 2.1 A for 44 Ca atoms; and P22 repressor, atomic rms of 2.2 A for 46 Ca atoms.

important glycine residue between H2 and H3 is con-
served, thereby permitting optimal positioning of the
recognition helix in most HTH proteins. It is also worth
noting that the Ca rms differences between the residues
of the HTH motif of Mu Ner (25-41) and these four
proteins are: 0.67 A for the 434 cro (residues 17-33);
0.82 A for the 434 repressor (17-33); 0.84 A for the X
repressor (33-49); and 0.72 A for P22 repressor (21-37).

In the HTH motif, residues 4 and 15 (numbering from
the first residue of H2 in Mu Ner) cannot be charged, as
they are buried within the protein interior. In the case of
Mu Ner, these residues are Leu28 and Leu43, and they
participate in the formation of the hydrophobic core.
Residue 9 of the motif is usually a glycine, as it is placed
in a turn, and in Mu Ner Gly33 occupies this position.
Residue 5 is usually small, necessitated by the fact that it
is wedged between two a helices, and is frequently an
alanine or glycine. In Mu Ner this position is occupied
by Ser29. From a structural point of view, therefore, the
Mu Ner sequence in the region of helices H2 and H3
and the turn between them contains the correct amino
acids for the formation of an HTH motif.

In addition, the positions of several residues from H1, H4
and H5 that contribute to the hydrophobic core of Mu
Ner correspond to positions of amino acids of the same
type in the other four phage proteins (Fig. 5). In particu-
lar, the position corresponding to Vall4 in Mu Ner is
occupied by hydrophobic residues in three of the four
proteins. Within H4, the position corresponding to Ile54
is occupied by either leucine or isoleucine, and the posi-
tion corresponding to Ala57 is an alanine in three of the
proteins. The position corresponding to Leu58 is occu-
pied by leucines in all four proteins. Finally, within H5,

the position occupied by Pro62 is either a proline or a
valine in the other proteins, and the position correspond-
ing to le65 is a leucine in three cases and a proline in
one case. Thus, the amino acids that are important in
stabilizing the overall fold are clearly conserved between
Mu Ner and the other four phage proteins.

Even though phages Mu and X belong to two different
families of phages, Mu belonging to a family of transpos-
able elements and X (as well as phages 434 and P22) to a
family of temperate phages, DNA sequence analysis has
indicated that these two phages may have a common
ancestor that possessed some common genes, such as the
lysis and morphogenesis genes [32]. The structural simi-
larity between Mu Ner and the cro and repressor pro-
teins from phages X, 434 and P22 provides further
support for a common origin for these phages.

Comparison of the amino acid sequence of Mu Ner with
the sequences of D108 Ner and the Nlp protein of E. coli
(Fig. 6), aligned to maximize sequence identity, strongly
suggests that the latter proteins probably adopt 3D struc-
tures that are very similar to that of Mu Ner. In parti-
cular, sequences of Mu Ner, D108 Ner and Nlp are
practically identical in the regions corresponding to H1,
H4 and H5 of Mu Ner; there is more variation in the
regions corresponding to H2 and H3. For H3 this obser-
vation can be rationalized on the basis of the different
DNA sequences recognized by Mu Ner and D108 Ner,
which would result in different amino acids occupying
positions 1-3 and/or 5-6 of H3. The DNA-binding
;ecognition sequence of the Nlp protein is not known,
but comparison of the putative H3 residues of Nlp and
D108 Ner indicates that these two proteins may bind to
similar DNA sequences.

Fig. 6. Sequence alignment of Mu Ner with the Nip protein of E. coli (which shows 65% sequence identity) and the Ner protein from
phage D108 (53% sequence identity). Amino acids that are identical in all three proteins are shown in red, and those identical between
two proteins in blue. a-helical regions of Mu Ner are identified by horizontal boxes. Vertical boxes enclose residues that are conserved
between the HTH motifs.
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Fig. 7. DNA-binding surface of Mu Ner
and 434 cro. (a,b) Residues with broad-
ened (magenta) or missing (red) 1H- 15N
cross peaks in the 1H-15N HSQC spec-
trum of the complex of Mu Ner with a
16 bp duplex oligonucleotide. ((a)
shows the backbone and (b) the solvent-
accessible surface of Ner. The blue con-
tours in (b) enclose regions of positive
electrostatic potential at 2 kT). (c)
Residues of 434 cro participating in pro-
tein-DNA and protein-protein inter-
actions. The color coding is as follows:
red, residues (Gln28 and Gln29) that
form hydrogen bonds with the DNA
bases; magenta, residues in van der
Waals contact with the bases (Ser30,
Leu33, also Gln29); orange, residues
(ArglO, Thr16, Gln17, Lys27, Lys40,
Arg41, Arg43 and Phe44) that form
hydrogen bonds with the DNA phos-
phates; and green, residues at the pro-
tein-protein interface in the dimer
(Phe46, Glu47, Tyr61, and Arg43). (d)
DNA-contacting residues mapped onto
the solvent-accessible surface of 434
cro. The blue contour encloses a region
of positive electrostatic potential at
2 kT. (Potentials were calculated and
the figures generated with the program
GRASP [671.)

In terms of the structurally conserved features of the
HTH motif in Nip and D108 Ner, each has one amino
acid that does not conform to the general rules. Nlp has
a glutamate in position 4 of H2 that, in general, is occu-
pied by a hydrophobic residue, and D108 Ner has a histi-
dine in the position within the turn usually occupied by
a glycine. It is therefore likely that some of the structural
details for these two proteins will be different, but that
the overall fold will be virtually identical.

A putative model for Mu Ner-DNA interactions
The structural homology of Mu Ner with the X and 434
proteins enables one to tentatively suggest which amino
acids in Mu Ner are likely to interact with DNA.
Residues from the N terminus of H2 and the loop
between H2 and H3 interact with the DNA backbone
on one side of the major groove, and residues from the
loop between H3 and H4 interact with the backbone on
the other side of the major groove. These interactions
place H3 in the appropriate position within the major
groove of the DNA for specific protein-DNA recogni-
tion. In the HTH motif of the X and 434 proteins most
of the base-specific recognition is provided by residues
-1, 1-3 and 6 of H3. In Mu Ner these positions corre-
spond to Ala35, Pro36, Thr37, Thr38, and Asn41 (Fig 5).
All these residues are good candidates for involvement in
protein-DNA interactions.

This hypothesis is supported by NMR data of Mu Ner
complexed with a double stranded 16 bp DNA fragment

comprising the sequence 5'-TAAGCTAGCTAAGTTT-3'
(data not shown). This fragment contains 12 base pairs
that overlap with the 30 bp Mu Ner binding site, and
Mu Ner binds to it as a dimer [8]. The chemical shifts of
amide groups that are involved in protein-DNA inter-
actions undergo large changes upon complex formation.
These changes result in signal loss due to line broaden-
ing, and can be readily monitored by recording H-1 5 N
correlation spectra of 15 N-labeled protein in the free and
bound states [33]. It is worth noting that line broaden-
ing, disappearance of cross peaks and/or chemical-shift
changes observed in a 1H-1 5N correlation spectrum
upon complex formation provide a well established and
reliable indicator of interaction surfaces [33-40].

The following H-15 N cross peaks were broadened in the
1H-15 N correlation spectra of the Mu Ner-DNA com-
plex: HislO, Aspl3, Gly17, Lysl9, Ser24, Thr38, Leu39,
Glu51, Ile54, Glu63 and Ser68-Tyr70 (Fig. 7a,b). In
addition, the 1H-15N cross peaks of Alal2, Leu28, Ser29,
Phe32, Ala40-Glu44 and Trp47 were broadened beyond
detection (Fig. 7a,b). Most of the residues whose 1H-15 N
cross peaks disappeared upon formation of the Mu Ner-
DNA complex are clustered within H2 and H3. Figure
7b shows the position of residues with broadened 1H-
15N cross peaks mapped onto the solvent-accessible sur-
face of Mu Ner. The main region of positive electrostatic
potential surrounds helix H2 and the loop between
helices H1 and H2, which would lie in the vicinity of
the DNA. Some residues within H1, H4 and H5 also
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have broadened H- 15 N cross peaks, and these residues
may be involved in protein-protein interactions associ-
ated with Mu Ner dimerization on the DNA.

Figures 7c and 7d show the residues of 434 cro that
participate in either protein-DNA interactions or pro-
tein-protein interactions within the dimer mapped onto
the backbone (Fig. 7c) or the solvent-accessible surface of
the protein (Fig. 7d). Comparison of Figures 7a and 7b
with Figures 7c and 7d shows that, despite similarity in
the overall fold between Mu Ner and 434 cro, residues
that interact with DNA in Mu Ner appear to be clus-
tered in different areas of the protein surface. In addition,
as the overall charge of 434 cro is much higher, practi-
cally the whole protein is surrounded by a positive
electrostatic field. Clearly, structure determination of a
Mu Ner-DNA complex is required to establish the
details of the interaction of Mu Ner with DNA.

Biological implications
Mu Ner belongs to a class of proteins, namely the
cro and repressor proteins, that regulate the lyso-
genic/lytic switch in the life cycle of phages.
Structures of cro and repressor proteins (N-termi-
nal domains) from phages X, 434 and P22 have
been solved previously. All of these proteins utilize
the helix-turn-helix (HTH) motif for DNA recog-
nition and, with the exception of X cro, consist of
five a helices (X cro has a different topology com-
prising three at helices and three strands [41]).
Despite the absence of any significant sequence
identity between Mu Ner and these other phage
proteins, the overall three-dimensional (3D) struc-
ture of Mu Ner is very similar to that of 434 cro,
and the N-terminal domains of the X, 434 and P22
repressors. Thus, functional similarity is coupled
to structural similarity, lending support to the
notion that phages Mu and X may have a common
ancestor. The main difference between Mu Ner
and the , 434 and P22 proteins is that Mu Ner
binds to a 30 bp DNA fragment as a dimer of
dimers, whereas the other proteins bind to their
DNA target sites as dimers.

Evaluation of the 3D structure of Mu Ner enables
us to postulate that two other proteins with very
high sequence identity to Mu Ner, namely D108
Ner and the Np protein of Escherichia coli, also
have similar 3D structures.

Materials and methods
Protein expression and purification
Mu Ner was purified from E. coli B cells containing the
expression plasmid pL-ner, as described previously [42]. Uni-
formly labeled l5N or 15N/ 13C protein was obtained from
bacteria grown in minimal media, with 5NH 4C1 and 13C 6-
glucose as the sole nitrogen and carbon sources, respectively.
The samples for NMR studies were dialyzed against 50 mM

potassium phosphate (pH 7.0), 0.15 M KCI. The following
1 mM NMR samples were used for data collection: 15N-
labeled Mu Ner in 90% H2 0/10% D20, 15N/13 C-labeled Mu
Ner in 90% H20/10% D20, and 15 N/ 13C-labeled Mu Ner in
100% D2 0.

All NMR experiments were carried out at 350C on Bruker
AMX500 or AMX600 spectrometers equipped with z-shielded
gradient triple resonance probes. The 1H, 5N and 13C
chemical shifts of the backbone and side chains were assigned
on the basis of through-bond heteronuclear correlations using
the following 3D experiments: HNHA, CBCANH,
CBCA(CO)NH, HBHA(CO)NH, C(CO)NH, H(CCO)NH,
HCCH-COSY and HCCH-TOCSY [12-14]. Approximate
interproton distance restraints between NH protons were
obtained from a 3D 15N-separated NOE spectrum (mixing
time 120 ms) [43]. Distance restraints between NH protons
and 13C-attached protons and between 13C-attached protons
were obtained from 4D 5N/ 13C-separated [44] and 13 C/ 13C-
separated [45,46] NOE spectra, respectively, recorded with
mixing times of 120 ms.

Quantitative 3
JHNr, 3JCC, 3JcN, 3Jcyco and 3J, couplings

were measured from a 3D HNHA spectrum [47], a 2D long-
range carbon-carbon correlation spectrum [48], a 2D 13C-
1 5N}-spin-echo difference constant time heteronuclear
single-quantum coherence (HSQC) spectrum [49], a 2D 13 C-
{CO}-spin-echo difference constant time HSQC spectrum
[50], and a 3D HACAHB-COSY spectrum, respectively [51].
All NMR spectra were processed with NMRPipe software
[52] and analyzed using the programs PIPP, CAPP and
STAPP [53].

Structure calculations
Approximate interproton distance restraints derived from the
3D and 4D heteronuclear separated NOE spectra were classified
into four ranges: 1.8-2.7 A (1.8-2.9 A for NOEs involving NH
protons), 1.8-3.3 A (1.8-3.5 A for NOEs involving NH pro-
tons), 1.8-5 A and 1.8-6 A, corresponding to strong, medium,
weak and very weak NOEs, respectively [54]. For distances
involving methyl protons and non-stereospecifically assigned
methylene protons a (r 6)- 1/6 sum was employed [55]. In addi-
tion, 0.5 A was added to the upper limit of distances involving
methyl protons to account for the higher apparent intensity of
methyl resonances [56]. NOEs between protons separated by
two bonds, or by three bonds if not stereospecifically assigned,
were not incorporated into the restraints set.

4) and Xt torsion angle restraints were obtained on the basis of
the 3JHN and 3JX coupling constants combined with
intraresidue and sequential interresidue NOEs involving the
backbone protons, using the program STEREOSEARCH
[57]. The X1 angles of both valines, two of the three threonines
and all four isoleucines were determined using the 3JCYN and
3 Jcyco coupling constants. The X2 angles of two out of the
seven leucine residues and of the three isoleucines were
obtained from the long-range 3Jc C coupling constants and the
pattern ofintraresidue NOEs [58].

The 3 JHNa coupling constants, which were included directly in
the refinement, comprised only those that could be measured
from the 3D HNHA experiment to an accuracy of 0.5 Hz or
better. The minimum ranges employed for the 4), X and X2
torsion angle restraints were ±10, +20 and ±20, respectively
[59]. For all residues, the angular standard deviations of
the torsion angles for the ensemble of simulated-annealing
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structures were much smaller than the ranges employed for the
corresponding torsion-angle restraints.

The structures were calculated using the hybrid distance geom-
etry/simulated annealing protocol [60] which makes use of the
program X-PLOR (version 3.1) [61] modified to include cou-
pling-constant [62], carbon chemical-shift [63] and proton
chemical-shift [64] restraints. The target function that is mini-
mized during simulated annealing contains the following terms
(the final values of the force constants for each term are given
in parentheses): quadratic harmonic potential terms for cova-
lent geometry, that is bonds (500 kcal mol1 A-2 ), angles and
improper torsions (500 kcal mol- ! rad- 2); square-well quadratic
potentials for the experimental-distance (30 kcal mol1 A-2),
and torsion-angle (200 kcal mol- rad- 2) restraints; a quartic
van der Waals repulsion term for the non-bonded contacts
(4 kcal mol t 'A); and quadratic harmonic potential terms for
the 3 JHNa coupling-constant restraints (1 kcal mo11 Hz-2), car-
bon chemical-shift restraints (0.5 kcal mol-1 ppm -2) and proton
chemical-shift restraints (7.5 kcal mol-1 ppm-2). No hydrogen
bonding, electrostatic or 6-12 Lenard-Jones empirical potential
terms are present in the target function.

Mu Ner-DNA interactions
The double-stranded 16 bp DNA fragment was synthesized
and purified as described previously [8]. The Mu Ner-DNA
complexes were formed in either 50 mM potassium phosphate
(pH 7.0) and 0.15 M KCI, or in 10 mM potassium phosphate
(pH 7.0) in dilute solution and concentrated to about 1 mM
using MicroProDiCon device (Spectrum). The 2D H-15N
HSQC spectra were recorded at 35°C.

The coordinates of the 30 simulated annealing structures and
the restrained regularized mean structure, together with the
experimental restraints and complete 'H, 15N and 13 C reso-
nance assignments, have been deposited in the Brookhaven
Protein Data Bank.
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